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ABSTRACT 
V 
rnL- iiiis - 
ducer  conf igu ra t ions  app l i cab le  t o  squeeze-f i lm bear ings .  
of a d r i v i n g  s e c t i o n  and a d r i v e n  ex tens ion  on which t h e  squeeze-f i lm bear ing  i s  
mounted. 
t i o n  of excurs ions  of t h e  d r iv ing  sec t ion .  
a r e  proposed i n  t h i s  r e p o r t  a s  shown schemat ica l ly  i n  F igures  1, 2 and 3. 
geaeral asalgsis and 2 ~ i ~ + - l i f i ~ d  a p p r ~ a c h  are presented; desi-n -0 -- da ta  a r e  provided 
f o r  each des ign  conf igura t ion .  
report p r ~ ~ e i i t ~  the a i i ~ l y s ~ s  of l o i i g i t ~ d i n ~ l  resonant  i i iode~ of t j i p i e ~ l  t rass=  
The t r ansduce r  c o n s i s t s  
The extended s e c t i o n  of t h e  t r ansduce r  i s  designed to provide  ampl i f ica-  
Three pre l iminary  des ign  conf igu ra t ions  
Both a 
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1. INTRODUCTION 
Ix a squeeze-fi lm bearin-g, t h e  t r a n s d i ~ c e r  conver t s  the  e l e c t r i c a l  i npu t  i n t o  a 
mechanical motion. 
power consumption, t h e  t r a n s d u c e r  should be operated a t  resonance. 
motion of t h e  t r ansduce r  i s  d e s i r a b l e  t o  ach ieve  l a r g e  load c a p a c i t y  of t h e  
squeeze-f i lm bea r ing  ( r e f s .  1, 4 and 5 ) ,  suspension of t h e  t r a n s d u c e r  from i t s  
housing becomes a r e a l  problem. 
made, t h e  p o i n t  of attachment t o  t h e  t r a n s d u c e r  must b e  a aode of i t s  resonant  
mode. This  requirement causes  a b i t  of d i f f i c u l t y  i n  t h e  t ransducer-bear ing 
c o n f i g u r a t i o n  design. One s a t i s f a c t o r y  concept ,  which provides  b o t h  r a d i a l  and 
a x i a l  support  of a f l o a t ,  is shown i n  Fig.  12. I n  t h i s  arrangement, t h e  t r a n s -  
ducer  would b e  operated a t  i t s  l o n g i t u d i n a l  mode. 
n a t u r a l  node, it i s  a convenient l o c a t i o n  f o r  t h e  mounting f l a n g e .  Conical ( o r  
s p h e r i c a l )  bea r ing  can support  load i n  e i t h e r  d i r e c t i o n  even though t h e  longi tud-  
i n a l  t r a n s d u c e r  only provides  a x i a l  squeeze-motion. However, t h e  e f f e c t i v e  squeeze 
motion i s  reduced because on ly  t h e  component of t h e  motion pe rpend icu la r  t o  t h e  
bea r ing  s u r f a c e  a f f e c t s  t h e  gap. 
motion a t  t h e  bear ing b e  a s  l a r g e  a s  poss ib l e .  
I n  o r d e r  t o  o b t a i n  t h e  l a r g e s t  p o s s i b l e  motion w i t h  a minimum 
While l a r g e  
I f  r i g i d  mounting of t h e  t r a n s d u c e r  i s  t o  b e  
S ince  t h e  mid-plane i s  a 
Thus it i s  even more important  t h a t  t h e  squeeze 
F e a s i b i l i t y  of achieving inc reased  squeeze motion by e l a s t i c a l l y  coupl ing t h e  
b e a r i n g  element t o  t h e  d r i v e n  s e c t i o n  of t h e  t r ansduce r  w i l l  be  t h e  main purpose 
of t h i s  s tudy.  
An a n a l y s i s  i s  presented f o r  t h e  lowest normal mode of l o n g i t u d i n a l  ax ia l - excur -  
s i o n  t r a n s d u c e r s  a p p l i c a b l e  t o  squeeze-fi lm bea r ings .  Three p re l imina ry  des ign  
c o n f i g u r a t i o n s ,  shown schemat i ca l ly  i n  F igs .  1, 2 and 3, a r e  considered.  It can 
b e  seen from t h o s e  f i g u r e s  t h a t  each des ign  c o n s i s t s  of a d r i v i n g  s e c t i o n  and a 
d r i v e n  ex tens ion  on which t h e  squeeze-fi lm bea r ing  i s  mounted. 
s e c t i o n  of t h e  t r ansduce r  i s  designed t o  provide a m p l i f i c a t i o n  of excur s ions  of 
t h e  d r i v i n g  s e c t i o n .  
The extended 
I n  S e c t i o n  2,  a thorough a n a l y s i s  is p resen ted  f o r  each design c o n f i g u r a t i o n .  
R e s u l t s  a r e  ob ta ined  i n  a form t h a t  a l lows  numerical  computations t o  be c a r r i e d  
ou t  e a s i l y .  Sec t ion  3 o f f e r s  a s i m p l i f i e d  a n a l y s i s  which b r i n g s  ou t  t h e  major 
- 2- 
c o n t r o l l i n g  parameters and t h e i r  e f f e c t s .  
f requency of t h e  system and of t h e  ampli tude of excurs ions  of t h e  squeeze-f i lm 
b e a r i n g ,  a s  a func t ion  of t h e  c o n t r o l l i n g  parameters ,  a r e  e x p l i c i t l y  obtained.  
These r e l a t i o n s  a r e  then  presented i n  t h e  form of des ign  c h a r t s .  
procedure i s  suggested and examples a r e  g iven  a t  t h e  end of Sec t ion  4. 
The r e l a t i o n s h i p s  of t h e  n a t u r a l  . 
A design 
- 3- 
2 .  GENERAL ANALYSIS 
The c c n f i g u r a t i m s  of t he  ax ia l -excurs ion  t ransdccer  a r e  schemat ica l ly  i l l u s t r a t e d  
i n  F igu res  1, 2 and 3. These w i l l  b e  des igna ted  a s  c o n f i g u r a t i o n s  "A", "B" and 
"C", r e s p e c t i v e l y .  
2 . 1  Conf i m r a t i o n  "A" 
I n  Conf igura t ion  'tA" (Figure 1) t h e  c e n t e r  s e c t i o n  of t h e  t r ansduce r ,  made of 
p i e z o e l e c t r i c  ceramic c o r e  and m e t a l l i c  shells, is the d r i v e r .  
e lectr ic  c o r e  and . t h e . m e t a l l i c  shells are bonded t bge the r ,  
thermal  stresses a t  e l eva ted  temperatures ,  a s p e c i f i c  meta l  was chosen t h a t  has  
a thermal c o e f f i c i e n t  of expansion matching t h a t  of t h e  p i e z o e l e c t r i c .  Typica l  
The piezo- 
&I orde r  t o  avoid  
E X S ~ ~ ~ S  aj-2 m o ~ y ~ ~ ~ ~ i i G  cj- T----- / I .?V 11: --a CPV l7-i t- -ntrh DPT-4 (Ref. 1). 
& I A V Q L  \ - t L I o  A-4.  511Iu A V I O  L E )  u L P & b L *  * Y *  
We choose the  x*-coordinate t o  be the d i s t a n c e  from the  c e n t r a l  p lane .  W e  a l s o  
assume a one-dimensional model f o r  a n a l y s i s  - "x*" i s  t h e  only space coord ina te  
r e q u i r e d  t o  d e s c r i b e  the  system. Thus, t h e  c o n f i g u r a t i o n  "A" may be v i s u a l i z e d  
a s  i ts  mechanical e q u i v a l e n t  shown i n  F igure  l a .  Note t h a t  t h e  end f l e x u r e ,  having 
a mass much smal le r  than t h a t  of the bear ing ,  i s  considered a s  a s p r i n g  w i t h  s p r i n g  
c o n s t a n t  k. 
The equa t ion  of motion of l ong i tud ina l  v i b r a t i o n s  of an e l a s t i c  rod is well-known 
(see  e . g . ,  Ref.  2 ) .  This  w i l l  be applied t o  t h e  composite c i r c u l a r  c y l i n d e r s  i n  
t h e  c e n t r a l  d r i v i n g  s e c t i o n  (0 < x* < d ) .  
d 2 u* d2U* 
+ A E  - =  'PcAc + P m q  - 
c c  dx*2 ax*2 a t*2 
A* A E  -
where u* is  the  l o c a l  d i sp lacement ,  and A ,  E and p, r e s p e c t i v e l y ,  denote  a r e a ,  
Young's modulus and d e n s i t y .  
r e s p e c t i v e l y .  It i s  t o  be emphasized he re  t h a t  A i s  t h e  t o t a l  c r o s s - s e c t i o n a l  
a r e a  of t he  m e t a l l i c  s h e l l s .  Equation (1) can  be  reduced t o  
The symbols m and c i n d i c a t e  metal  and ceramic 
m 
P1 ax*2 a t*2 0 < x* < aa 
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- 
i f  w e  d e f i n e  .. 
P1 = (PcAc + PmAm)/A1 
El = (E A + EmAm)/A1 c c  
A1 = A + A  
C rn 
S i m i l a r l y  we o b t a i h  
a& < X* < e 
(3) 
- where v* is  the  displacement  and E 
boundary c o n d i t i o n s ,  
= Em, P2 - pm. And w e  have the fo l lowing  2 
= o  
x*=l 
The c e n t r a l  p lane  i s  f i x e d  i n  space: 
Compa t i b  i 1 i t y  : 
= *=aa 
Force balance: AIEl $$I = A2E2 p a+ I 
ms a2v* - w*) = -- 
2 - k(v*l x*=a a,* -A2E2 ax" Force balance : x*=& 
The equa t ion  of motion of the  bear ing can be w r i t t e n  a s  
-k(w* - v*l ) = 
x*=a 
(5) 
Here we have assumed t h a t  t h e  end f l exure  i s  e q u i v a l e n t  t o  a s p r i n g  w i t h  sp r ing  
c o n s t a n t  k, and i ts  mass, m 
bear ing ,  and t h e  o t h e r  h a l f  is  a t tached  t o  l o c a t i o n  x*=.4. J u s t i f i c a t i o n  of t he  
v a l i d i t y  of t h i s  assumption a s  w e l l  a s  a formula f o r  k may be found i n  Appendix I.. 
mS 
i s  lumped i n t o  two poin ts ,  i .e.,  7 i s  a t t ached  t o  t h e  
S '  
__ 
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I f  we d e f i n e  t h e  fo l lowing  dimensionless  v a r i a b l e s ,  
then ,  t he  above equa t ions  become 
.. 
U - -  a2u e 2 2 &2 
0 a P 1  
u ( 0 , t )  = 0 
u ( a , t )  = v ( a , t )  
o < x < o  
Q < x < l  
W = q +  A2E2 a v  a t 
m - 2 2 d2v(1 , t )  - k [ v ( l , t )  - w ]  - (D A2E2 a v ( l , t >  - -  
dX d t 2  a 
- k k  - v(l,t)] = (% +f) a, 2 &  
at2 
To o b t a i n  the  s o l u t i o n s  of Eqs. ( 8 )  and ( 9 ) ,  we assume t h a t  
u ( x , t )  = U ( x )  e x p ( i t )  
v ( x , t )  = V(x) e x p ( i t )  
Then, by us ing  Eq. 10, i t  is a s i m p l e  mat te r  t o  o b t a i n  - 
- 6-  
and V(x) = C2 s i n  [Up (x - xo)] = C2 s i n  [1 0 (x - xo)l (18) 
E2 "2 
where 
C and C are  amplitudes of excursions;  (u and (u are c h a r a c t e r i s t i c  frequencies  
of the r e s p e c t i v e  section; and x i s  a phase angle t o  be determined from the 
1 2 1 2 
0 
bnundary condit ions  a 
Using Eqs. (11) through (14), we get 
n a ,  sin(- o 0) 2 _ -  c2  
c1 
and - c3 [l - (")'3 = s i n  
c2 "b 
s 
where 
k w =  
O L  
- 7- 
- and C3 i s  the  amplitude of  excursions of t h e  bear ing ,  i . e . ,  
From Eqs. (20) through (23) w e  have f o u r  equat ions  w i t h  f o u r  unknowns (provid ing  
t h a t  t h e  dimensions and t h e  m a t e r i a l  c o n s t a n t s  a r e  a l l  given):  C2/C1, a, x and 
C3/C1. Due t o  the  form of Eqs. (20) through (23),  i t  i s  convenient  t o  s t a r t  the 
c a l c u l a t i o n  from a given va lue  of a. Consequently,  one of t h e  i n p u t  d a t a ,  
p r e f e r a b l y  A 1  o r  q,, must b e  kept  f l o a t i n g .  The procedure f o r  numerical  ca l cu la -  
t i m  is 2s follms: 
0 
Inpu t  Data 
A ,  c1, y ,  m a t e r i a l s  c o n s t a n t s ,  A2,  m,, and dimensions of t h e  f l e x u r e .  Note 
t h a t  A i s  n o t  g iven .  1 
a )  Assume a va lue  of  OD. 
b) 
c )  
Ca lcu la t e  El,  p l y  ul, u2, us, u& and k .  
E l imina te  C3/C2 from Eqs. (22) and (23) t o  o b t a i n  
From Eq. (26),  t h e  va lue  of xo may be solved numer ica l ly .  
d )  Calcu la t e  C / C  and @ (= A1/A2) from Eqs. (20) and (21) r e s p e c t i v e l y .  2 1  
Here, A 
before .  
Ca lcu la t e  t h e  amplitude ampl i f i ca t ion  f a c t o r  from 
has been chosen to  r e p l a c e  a s  an unknown q u a n t i t y  a s  i nd ica t ed  1 
e) 
Note t h a t  p may t u r n  o u t  to  be an exceedingly l a r g e  number or even a 
nega t ive  number. 
the  a r e a  r a t i o ,  A /A 
a new va lue  of k or m u n t i l  a reasonable  and d e s i r e d  combination of 
and C3 / [C1sin(E 
The l a t t e r  i s  p h y s i c a l l y  u n r e a l i s t i c  a s  f3, def ined  a s  
m u s t  be p o s i t i v e .  It i s  then  necessary  t o  assume 1 2 '  
b 
a)] i s  reached.  I f  s e v e r a l  sets of va lues  of p 
"1 
and amplitude ampl i f i ca t ion  a r e  obta ined ,  t he  c r i t e r i o n  should be t h a t  
the  s t r a i n  l e v e l  a t  the  c e n t r a l  plane be a s  smal l  a s  p o s s i b l e .  
s t r a i n  can  be expressed as 
The 
a m  n u  at* 
cos(-- x) e d U *  
1 
E : = = =  2: 2 m  
1 
Hence, we add 
f )  Ca lcu la t e  and maximize 
2.2  Conf igura t ion  "B" 
I n  Conf igura t ion  "B" (Figure 2), there  i s  no end f l e x u r e  as compared t o  Configura- 
t i o n  "A" (Figure 1). 
s l o t s  and/or reducing  t h e  th ickness  of  t h e  s h e l l s .  
obvious ly  dec rease  t h e  r i g i d i t y  of t h e  extended s e c t i o n ;  t h i s ,  i n  t u r n ,  i s  ex- 
pec ted  t o  r e s u l t  i n  a m p l i f i c a t i o n  i n  the  excurs ions  of t h e  bea r ing .  
The a r e a  of  the extended s e c t i o n ,  A2, i s  reduced by c u t t i n g  
The r educ t ion  of A 2 w i l l  
It i s  no t  d i f f i c u l t  t o  see t h a t  the a n a l y s i s  f o r  Conf igura t ion  "A" i s  a p p l i c a b l e  
t o  t h i s  c a s e ,  except  t h a t  t he  boundary c o n d i t i o n s  a t  x = 1 (Eq. (13) and Eq. (14) 
a r e  r ep laced  by 
- a  dX 
which may r e a d i l y  be s impl i f i ed  t o  
- 8- 
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Then t h e  procedure f o r  numerical  computation i s  a s  follows: 
Inpu t  Data: "b- 1 ,  a ,  y ,  m a t e r i a l  c o n s t a n t s ,  A2 and 
a )  
b) 
c) Compute @ from Eq. (21) .  
d )  C a l c u l a t e  t h e  ampli tude r a t i o  
Assume a va lue  of u). 
Solve Eq. (30a) f o r  xo. 
u) where v = O! - a1 
e) Adjust  % u n t i l  a reasonable  and d e s i r e d  combination of l3 and ampli tude 
r a t i o  i s  ob ta ined .  
It i s  noted t h a t  i n  o r d e r  t o  achieve a h igh  amplitude r a t i o ,  x should be c l o s e  
t o  O!. Then, t h e  l a s t  f a c t o r  i n  Eq. (21), cot[: & (a:-xo)] , and consequent ly  f3 
becomes ve ry  l a r g e .  
0 
T h i s  i n d i c a t e s  t h a t  heavy d r i v i n g  s e c t i o n  i s  r equ i r ed .  
For a: = 1, t h e r e  i s  t h e  s p e c i a l  case t h a t  a m p l i f i c a t i o n  of t h e  t r ansduce r  motion 
i s  due t o  mass loading e f f e c t  a lone.  
3.2. 
Th i s  w i l l  be  f u r t h e r  d i scussed  i n  Sec t ion  
2 .3  Conf igu ra t ion  "C" 
I n  Fig.  3, Conf igu ra t ion  "C" is shown t o  have t h e  same b a s i c  f e a t u r e s  a s  t h e  
Conf igu ra t ion  "A", a l t hough  t h e r e  i s  only one m e t a l l i c  s h e l l  sandwiched by two 
p i e z o e l e c t r i c  s h e l l s .  
ampli tude of t h e  squeeze-f i lm bearing.  
a p p l i e s  h e r e  i f  t h e  symbols a r e  properly i d e n t i f i e d ;  e . g . ,  A and A r e p r e s e n t  
r e s p e c t i v e l y  t h e  c r o s s - s e c t i o n a l  area of t h e  ceramic and t h e  me ta l  i n  t h e  d r i v i n g  
The end f l e x u r e s  a r e  a g a i n  provided t o  amplify t h e  excur s ion  
The a n a l y s i s  f o r  Conf igu ra t ion  ''A" s t i l l  
C m 
- lo- 
s e c t i o n .  
des ign configuration.  Note that  k should be computed by Eq. (1-8)  instead of  
(1-7) - Appendix I .  
Their values  should be calculated from the  geometry of t h e  corresponding 
3 .  SIMPLIFIED ANALYSIS 
- I n  t h i s  chap te r  a s impl i f i ed  s n a l y s i s  i s  performed on t h e  r e s u l t s  der ived  i n  
S e c t i o n  2 .  
3.1 Conf igura t ions  "A" and "C" 
Since  one of t h e  major purposes  of the t r ansduce r  i s  t o  provide a r e l a t i v e l y  
h igh  ampli tude a m p l i f i c a t i o n ,  c3 , it is seen  from Eq. (27) t h a t  "2, must 
x u  C l s i n ( - r  2 1  a) 
be c l o s e  t o  a. A l s o ,  Eq. (24) i n d i c a t e s  t h a t  
os >> "b - LD 
s i n c e  % i s  much l a r g e r  than m . Eq. (26) i s  then  reduced t o  
S 
o r  
-1 
where x = 1 and we have used the approximation 
0 
(33) 
( 3 4 )  
e We may f u r t h e r  assume t h a t  a 
which merely s e r v e s  a s  a connect ion between t h e  d r i v i n g  s e c t i o n  and t h e  end f l e x u r e .  
Thus, 
1, i . e . ,  we do n o t  need a "long" extended s e c t i o n  
x e a - 1  
0 
and Eq. (21) can be w r i t t e n  a s  
(u where v = a w1 
- 12- 
Combining Eqs. (34) and (371, we ob ta in  
c 
A l s o ,  Eqs. (27) and (29) may be approximated a s  
c3 I[ = [1 - Q2]-l C1sin(F V )  
and 
Rearrangement of Eqs. (38), (39) and (40) y i e l d s ,  r e s p e c t i v e l y  
x 
-. v 2 
- v  II ' % '  2 
and 
(39) 
Eqs. (38a), (39a) and (40a) a r e  p l o t t e d  i n  t h e  form of des ign  c h a r t s  (Sect ion 4 ) .  
3 .2  Configurat ion "B" 
For t h e  gene ra l  c a s e  t h a t a  < 1, i t  i s  recommended t h a t  one use the  procedures 
suggested i n  S e c t i o n  2.2.  I n  t h i s  s e c t i o n  we  s h a l l  p r e s e n t  t h e  s p e c i a l  ca se  of 
Q: = 1, i . e . ,  t h e r e  is  no extended s e c t i o n ;  t he  squeeze-f i lm bea r ing  is d i r e c t l y  
mounted a t  t h e  end of t h e  d r i v e r .  
The boundary condit ion a t  x* = i s  
2 d2u( l , t )  
at2 
= m a ,  AIEl du(1 , t )  - -  
I i! 6:: b 
On us ing  Eq.  (17), we obtain 
Thus, by rearranging 
J. 
terms, we  have for o! = 1 the simple equation 
and 
x m  tan (- -) 
2 
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1 
c 
4. DESIGN DATA, PROCEDURES AND ILLUSTRATIVE EXAMPLES 
The des ign  c h a r t s  f o r  Configurations "A" and "C", generated frarn Equations (38a) : 
(39a) and (40a) a r e  presented  i n  F igures  4 ,  5 and 6 .  
p l o t t e d  t o  g ive  F ig .  7 which shows l i n e s  of c o n s t a n t  - c3.
ampli tude a m p l i f i c a t i o n  versus  dimensionless  mass r a t i o  w i t h  V as parameter .  
t he  n e x t  s e c t i o n  w e  s h a l l  i l l u s t r a t e  t h e  des ign  procedure by an  example. 
F igu res  4 and 5 a r e  c r o s s -  
F igure  6 is  a p l o t  of 
aEO 
In 
Design Prozedare f o r  C o n f i i u r a t i o n s  "A" and "C" 
Examp le  
I n p u t  Data 
2 
AI = 2 i n  
1 = 314 i n  
y = 0.1 
U s e  molybdenum and PZT-4. 
E = 47 x 10 psi 
pm = 0.355 l b / cu . in  
E = 12.9 x 10 p s i  
Pc = 0.271 l b / cu . in  
6 
m 
6 
C 
Ec + YE 6 = 16 x 10 p s i  
l+Y 
a .  Compute El = 
Pc + YPm 
= 0.278 l b / c u . i n  l+r P1 = 
A 7 P I  - II 7/16x10 6 x 144 - -  
7 -  2& vp1 - 2~0.75112 0 .278~123132.2  
= 3.12 x 10 5 r ad / sec  
b .  Assume Q! = 0.94 
and o = 1 . 3 3 ~ 1 0  5 rad /sec ,  
Then v = a: E = 0.4 
1 
. 
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8 c .  Assume k = 1.28~10 l b / f t  
Then - =  4.25 Ima 
d .  Read from Figure 4 
= 2.13 AIPLae 
"b 
m, = 5.7x o - ~  .lug 
D 
e .  Read from Figure 7 
4 . 6  - c3 x 
C s i n  (-v ) 2 
f .  Read from Figure  5 
4.4 c3 
-0 
- 5  
8 The va lue  of k = 1 . 2 8 ~ 1 0  l b / f t  i n  (d) i s  n o t  d i f f i c u l t  t o  achieve inasmuch as 
t h e  s p r i n g  c o n s t a n t  k given by Eq. (1.7) o r  (1.8) f o r  Conf igura t ion  "A" o r  "C" 
can y i e l d  a wide range of va lues  by va r ious  d e s i g n s .  
1.331s Id rad / sec  = 21.2 k . c . / s e c ,  
From Ab), (e) and ( f ) ,  (0 = 
= 4.6 and = 4.4, t hese  c3 
aGO 
n 
C1sin(- 2 V )  
va lues  a r e  l i k e l y  t o  s a t i s f y  t h e  need of  a squeeze-f i lm bear ing .  I f ,  however, 
t h e s e  va lues  toge the r  w i t h  the  bear ing  m a s s  (m = 5.7~10 s l u g  = 0.183 l b . )  -3 b 
are n o t  s a t i s f a c t o r y .  One should then s t a r t  a new c a l c u l a t i o n  by assuming, e - g . ,  
A l E l  a new va lue  of v o r  -WE 
The above c a l c u l a t i o n s  y i e l d  a l l  t h e  des ign  informat ion  excep t  the  va lue  of A 2 .  
The a r e a  A2 a s  seen i n  F igure  1 or  3 is  t h e  t o t a l  c r o s s - s e c t i o n a l  a r ea  of t h e  
s h o r t  s t u b s .  Phys ica l ly ,  A i s  not a dominant f a c t o r  f o r t h e  t ransducer  because 
t h e  s h o r t  s t u b s  se rve  only  as a connection t o  l i n k  t h e  d r i v i n g  s e c t i o n  and 
the  f l e x u r e  and the  squeeze-f i lm bearing.  Thus, i t  i s  n o t  s u r p r i s i n g  t h a t  A 
2 
2 
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i n  t h e  s i m p l i f i e d  a n a l y s i s ,  no longer appears .  
ob ta ined  from the  gene ra l  a n a l y s i s .  
The va lue  of A can only be 
2 
W e  con t inue  t h e  above example by fol lowing the  procedure suggested i n  Sec t ion  2.1 
i n  t h e  gene ra l  a n a l y s i s .  By so  doing we o b t a i n  
a .  A2 
b .  A check of accuracy of the  s i m p l i f i e d  a n a l y s i s .  
I n p u t  Data 
a: = 0.94 
.t = 3/4 i n  
7 = 0 .1  
Use molybdenum and PZT-4. 
6 a .  Compute El = 16x10 p s i  
p1 = 0.278 lb / cu . in  
(n = 3.12 x IO. _ rad / sec  5 1 
5 b .  Assume  Q, = 1.33 xr10. r a d l s e c  
Thus v =a: = 0.4 
1 
2 c .  Assume f o r  t he  time being a value  of A2 = 0.25 i n  
A1. We s h a l l  l a t e r  compute A1 from Eq. (21) .  
i n s t ead  of a va lue  of 
8 d .  From k = 1 . 2 8 ~ 1 0  l b / f t ,  we can des ign  t h e  f l e x u r e  a s :  
Conf igura t ion  "A" 
N = 32 = number of beams i n  each m e t a l l i c  shel l .  
D = 2 k > i n  
b = 0.0625 i n  
h = 0.0374 i n  
- I !  ;. L , _ i l  .~ -.. 
1 -  , 
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which r e s u l t s  i n  
3 4  192 E2 bh N 
k = 2  
1 2 ( ~ r D ) ~  
7 = 1 . 0 6 7 ~ 1 0  l b / i n  
= 1 . 2 8 ~ 1 0 ~  l b / f t  
-3 e .  Assume m,, = 5 . 7 ~ 1 0  slug 
From Eq. (26) we f i n d  
x = 0.554 
0 
f .  Compute p from Eq. (21) 
A, p = - -  I - 1 1 . 7 3  
A2 
2 A1 = 0.25 x 11 .73  = 2.93 i n  
(1-7) 
g. Compute 
= 6.8 c3 n 
C s i n  (7) 2 
-3 h .  Run the  c a l c u l a t i o n  f o r  d i f f e r e n t  va lues  of m from 4 . 5 ~ 1 0  t o  6 . 5 ~ 1 O - ~  b 
s l u g .  
2 i. Repeat t h e  above c a l c u l a t i o n s  f o r  A = 0.125 i n  which i s  one-half  of 2 
t h e  prev ious  assumed value.  
The r e s u l t s  a r e  p l o t t e d  i n  F igu res  8 and 9 .  
t h a t  f o r  A1 = 2 i n  , m,, should be 5.3~10 
is  approximately 5.0.  
be 5 .  U X ~ O - ~  s l u g  and the  amplitude a m p l i f i c a t i o n  i s  aga in  approximately 5 .O a 
It i s  seen  from Figure  8 (A = 0.25) 2 2 -3 s l u g ,  and the  amplitude a m p l i f i c a t i o n  
2 2 From Figure  9 (A2 = 0.125 i n  ) f o r  Al = 2 i n  , % should 
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The above r e s u l t s  i n d i c a t e  t h a t :  
a .  A i s  indeed unimportant.  
b .  
2 
The s i m p l i f i e d  a n a l y s i s  y i e l d s  an mh whose value i s  about  10 percent  
h ighe r  than t h a t  of t he  general  a n a l y s i s .  
Y 
2 
= 0.25  i n  , then t h e  However, i f  one i n s i s t s  on m 
n a t u r a l  f requency,  (D, of the  system w i l l  be changed. The graphs i n  F igure  10 show 
t h a t ,  a t  A1 2 i n  , a)= 1 . 2 8 ~ 1 0  r ad / sec ,  and t h e  amplitude a m p l i f i c a t i o n  i s  4 .8 .  
The n a t u r a l  frequency i s  only  about 4 pe rcen t  o f f  t he  va lue  1 . 3 3 ~ 1 0 ~  r a d l s e c ;  
and t h e  amplitude ampl i f i ca t ion  i s  about 4 . 5  pe rcen t  o f f  the  va lue  4 .6 .  Hence, 
w e  conclude t h a t  the  s impl i f i ed  a n a l y s i s  i s  a good approximation. 
= 5 . 7 ~ 1 0 - ~  s l u g  and chooses A 
b 2 
2 5 
Design Procedure f o r  Conf igura t ion  "B" 
It i s  seen  from Eq. ( 3 2 )  t h a t  i n  order  t o  have a r e l a t i v e l y  h igh  amplitude ampli- 
f i c a t i o n ,  QI should n o t  be c l o s e  t o  un i ty .  
Examp l e  
I n p u t  Data 
a: = 0.6 
= 3/4  i n  
y = 0 . 1  
2 A2 = 0.25 i n  
% = 6 . 0 ~ 1 0 ~ ~  
U s e  molybdenum 
s l u g  
and PZT-4. 
- 
E2 - m E 
6 47x10 p s i  
6 
a .  Ca lcu la t e  El = 16x10 p s i  
5 p1 = 
0.278 l b / c u . i n  
B) = 3.12 x 'IO rad /sec .  
1 
5 
b .  Assume o = 2 . 0 7 ~ 1 0  r a d / s e c  = 33 k . c . / s e c  
0.4 w 
(D 
Thus V = -a: = 
1 
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c .  From Eq. (30a) we  f i n d  
x = 0.276 
0 
d . From Eq. (21) w e  c a l c u l a t e  
8 = - =  7.41 
A2 
2 A1 = 1.85 i n  
e .  From Eqs. (31) and (32), we o b t a i n  
= 2 . 2  v y  , t) and 
=0 
f. Repeat t h e  above c a l c u l a t i o n s  f o r  d i f f e r e n t  va lues  of %. 
are p l o t t e d  i n  F igu re  11. 
The r e s u l t s  
2 It i s  then seen  t h a t  f o r  A1 = 2 i n  
= 2.35 v(d,  t) and 
€ 0  
From the above examples we  make the fo l lowing  comparison: 
Conf igura t ion  A*(in)  0 @(k.c./sec) mb(slug) u ( 1 , t )  v c3 - c3 a € 1 Clsin(-V) 2 0 
4 - 6  4 ,14  0.4 
6 . 2 ~ 1 0 - ~  C1sin(-V) 2.6 1.41 0.4 
5. 7x10e3 C1sin(-V) a 
2 
2 
IlAll or #IC11 2 0.94 21.2 
IIBII 2 0.60 33 T[ 
It i s  seen  from the  above t a b l e  t h a t  f o r  t h e  same s i z e  d r i v e r  and the  same d i s -  
placement a t  x = a, Conf igura t ion  *A" provides  l a r g e r  excurs ion  ampli tude f o r  
t h e  squeeze-f i l m  bear ing  than Configurat ion "B". 
5. CONCLUSIONS 
The axiaf-excursicn t r a n s d u c e r  nf 2 squeeze-f i lm bearing was s tud ied  a n a l y t i c a l l y .  
Both a g e n e r a l  a n a l y s i s  and a s impl i f i ed  a n a l y s i s  a r e  p re sen ted .  
t h e  s i m p l i f i e d  a n a l y s i s  f o r  Configurat ions "A" and "C" have been p l o t t e d  i n  t h e  
form of des ign  charts. An example i s  g iven  i n  S e c t i o n  4,  which i l l u s t r a t e s  t h e  
procedures  f o r  using t h e  des ign  c h a r t s .  The same problem was reworked by us ing  
t h e  g e n e r a l  a n a l y s i s  and t h e  r e s u l t s  were found t o  b e  very c l o s e  t o  t h o s e  ob ta ined  
from t h e  d e s i g n  c h a r t s .  For Configurat ion "B", a des ign  procedure i s  suggested 
i n  S e c t i o n  2.2.  It was found tha t ,  i n  g e n e r a l ,  Configurat ions "A" and "6' w i t h  
a p r o p e r l y  designed end f l e x u r e  do provide l a r g e r  ampli tude a m p l i f i c a t i o n s  t h a n  
Conf igu ra t ion  "B"; a l s o ,  f o r  each corresponding des ign  c o n f i g u r a t i o n  l a r g e r  ampli- 
t u d e  a m p l i f i c a t i o n  can be achieved by i n c r e a s i n g  t h e  s i z e  of t h e  d r i v i n g  s e c t i o n ,  
The r e s u l t s  of 
Thus, i nc reased  excur s ion  amplitude can  be obtained a t  t h e  expense of i n c r e a s e  
c o n f i g u r a t i o n  complexity. 
ampli tude,  t h e  rankings of t h e  considered c o n f i g u r a t i o n s  a r e :  
I n  the assending o r d e r  of ach ievab le  excur s ion  
1. 
2 .  
3.  Conf igu ra t ion  "A" 
4. Conf igu ra t ion  "C". 
Conf igu ra t ion  "B" wi thou t  t h e  extended s e c t i o n  (a! = 1). 
Conf igu ra t ion  "B" w i t h  an  extended s e c t i o n  (a! < 1). 
F u r t h e r  i n c r e a s e  of t h e  excur s ion  amplitude can only b e  achieved by providing a 
l a r g e r  d r i v i n g  s e c t i o n  f o r  Configurat ion "A" o r  "C" . 
- 21- 
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APPENDIX I - FLEXURE CALCULATION 
Figure  1-1. 
W- 
Figure  1-2. 
Each u n i t  c e l l  of the f l e x u r e  i n  F i g c  1 
may be v i s u a l i z e d  a s  a beam s t r u c t u r e .  
Because of symmetry, the  d e f l e c t i o n  curve 
a t  t h e  suppor t ing  p o i n t s  (A and B i n  
F i g .  1-1) has a ze ro  s lope .  Consequently 
t h e  beam may be considered t o  have both 
ends b u i l t  i n  as  shown i n  F i g .  1-2 ( l e f t )  
When t h e  beam i s  v i b r a t i n g ,  a typical .  
d e f l e c t i o n  curve a t  a p a r t i c u l a r  i n s t a n t  
would appear a s  i nd ica t ed  by the  do t t ed  
l i n e  i n  F ig .  1-2. Were we t o  lump h a l f  
of the beam mass (M/2) a t  t he  c e n t e r  and 
t o  a t t a c h  M/4 t o  each end p o i n t  A and B ,  
w e  would o b t a i n  an approximate formula 
fo r  the  n a t u r a l  frequency of the  beam 
where 6 = d e f l e c t i o n  a t  t he  c e n t e r  of 
t h e  beam 
From Reference 3 ,  w e  have 
WL3 
= 192 E1 (I.-2) 
S u b s t i t u t i o n  of Eq., (1-2) i n t o  Eqc (1-1) 
r e s u l t s  i n  
= 1 9 h E  
ML (Lbeam 
An e x a c t  formula i n  Reference 2 ( p .  61-69) shows t h a t  t h e  frequency of the  lowest  
mode i s  
W ( l )  = (4.732) 
beam 
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Although t h e  d iscrepancy  between the approximate and the  exac t  formulae i s  about 
12 p e r c e n t ,  t he  r e s u l t  w i l l  be g r e a t l y  improved i f  w e  b r ing  the  mass of t he  
squeeze-f i lm bear ing  i n t o  the  p i c t u r e .  
10 t i m e s  heavier  than t h a t  of  t h e  sum of t h e  masses of a l l  the  beams 
The bear ing  mass i s  es t imated  roughly a t  
W e  w i l l  now o b t a i n  a sp r ing  cons tan t ,  k, f o r  t h e  f l e x u r e  which i s  by d e f i n i t i o n  
where P i s  t h e  t o t a l  f o r c e  a c t i n g  on t h e  f l e x u r e  and 
P = 2 NW f o r  Configurat ion *'AA" 
= NW f o r  Configurat ion "C" 
N denotes the n ~ ~ h e r  of h e e ~ s  i n  e ~ ~ h  s h e l l  sr?d the f e c t n r  nf 2 i~ the first mart r-- 
of E q .  (1-6) r e p r e s e n t s  t h a t  t h e r e  a r e  two m e t a l l i c  s h e l l s  i n  c o n f i g u r a t i o n  "A". 
Combining E q s .  (I-2), (1-5) and ( 2 - 6 )  and us ing  t h e  r e l a t i o n s h i p s  L 
I = - bh , w e  o b t a i n  
= - arD and N 1 3  
12 
f o r  Conf igura t ion  "A" (I- 7) 
f o r  Conf igura t ion  "C" (1-8) 
p;2 Squeeze-Film 
Bearing with  
( l a )  "b 
F i g .  1 Transducer Configuration "A" 
(a)  Sketch of the Mechanical 
(b) Enlarged V i e w  
Equivalent of Configuration "A" 
. F i l m  
F i g .  2 Transducer Configuration crBcr 
Ceramic 
PZT-4 
\ 
Squeeze - F i l m  
Bearing 
F i g .  3 Transducer Configuration "C" 
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Subscr ip ts  
area 
width of the beam cross-section 
defined i n  Eqs. (17). (18) and (25) 
diameter 
Young's modulus 
height of t he  beam cross-sec t ion  
moment of i n e r t i a  
equiva len t  spr ing  cons tan t  
length  of t he  transducer from the c e n t r a l  plane (Fig. 1) 
m a s s  
number of beams per c y l i n d r i c a l  s h e l l  
t o t a l  fo rce  on end f lexure  
t i m e  
ut*, dimensionless t i m e  
dimension less displacements 
amplitudes of displacements 
dimensionless coordinate 
a phase angle defined i n  Eq. (18) 
r a t i o  of the length of the dr iv ing  sec t ion  t o  the  t o t a l  length (Fig. 1) 
*1IA2 
Am'Ac 
de f l ec t ion  
a'D 
dens i ty  
frequency 
ceramic 
metal 
sp r ing  
bearing 
d r iv ing  sec t ion ,  0 < x < a 
extended sec t ion ,  a < x < 1 
bearing 
SuDerscriuts 
* d imens iaml  quantities 
